The hydroxysteroid dehydrogenase HSD1, identifi ed in the proteome of oil bodies from mature Arabidopsis seeds, is encoded by At5g50600 and At5g50700, two gene copies anchored on a duplicated region of chromosome 5. Using a real-time quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) approach, the accumulation of HSD1 mRNA was shown to be specifi cally and highly induced in oil-accumulating tissues of maturing seeds. HSD1 mRNA disappeared during germination. The activity of HSD1 promoter and the localization of HSD1 transcripts by in situ hybridization were consistent with this pattern. A complementary set of molecular and genetic analyses showed that HSD1 is a target of LEAFY COTYLE-DON2, a transcriptional regulator able to bind the promoter of HSD1 . Immunoblot analyses and immunolocalization experiments using anti-AtHSD1 antibodies established that the pattern of HSD1 deposition faithfully refl ected mRNA accumulation. At the subcellular level, the study of HSD1:GFP fusion proteins showed the targeting of HSD1 to the surface of oil bodies. Transgenic lines overexpressing HSD1 were then obtained to test the importance of proper transcriptional regulation of HSD1 in seeds. Whereas no impact on oil accumulation could be detected, transgenic seeds exhibited lower cold and light requirements to break dormancy, germinate and mobilize storage lipids. Interestingly, overexpressors of HSD1 overaccumulated HSD1 protein in seeds but not in vegetative organs, suggesting that post-transcriptional regulations exist that prevent HSD1 accumulation in tissues deprived of oil bodies.
Introduction
Spermaphyta are characterized by the formation of seeds. The development of these structures, which originate from the fertilized ovule, requires the coordinated growth of three distinct tissues: two of them, namely the embryo and the endosperm, are zygotic tissues whereas the seed coat is comprised of several layers of maternally derived integuments. During the complex process of seed development, the maturation stage is of particular importance ( Baud et al. 2002 , Kroj et al. 2003 , Vicente-Carbajosa and Carbonero 2005 . Maturation sets in when the embryo has acquired the basic architecture of the future plant ( Mayer and Jürgens 1998 ) . This phase is characterized by the accumulation of storage compounds such as lipids, carbohydrates and proteins, and by the acquisition of desiccation tolerance by the embryo, which becomes metabolically quiescent ( Mayer et al. 1991 , Goldberg et al. 1994 , Baud et al. 2002 . The production of dry dormant seeds enables the plant to pause its life cycle, thereby being able to withstand unfavorable growth conditions and to colonize new territories. Carbon and nitrogen resources stored in the seed fuel the establishment of the seedling after germination ( Bewley and Black 1994 ) .
In oilseed crops like Brassica napus (rapeseed), embryonic storage compounds consist of proteins and triacylglycerols (TAGs) stored in specialized organelles called protein bodies and oil bodies, respectively. Oil bodies are spherical structures, the diameter of which ranges from 0.5 to 2.5 µm ( Tzen et al. 1993 ) . If these organelles are known to be derived from the endoplasmic reticulum (ER), questions remain regarding the mechanism of their biogenesis ( Murphy and Vance 1999 , Robenek et al. 2004 , Robenek et al. 2006 . Oil bodies consist in a central core of neutral lipids, mainly TAGs, surrounded by a phospholipid monolayer into which are embedded a specifi c subset of proteins ( Tauchi-Sato et al. 2002 ) . Chemical analyses reveal that these proteins account for 1-4 % of the weight of seed oil bodies ( Huang 1992 , Tzen and Huang 1992 ) . Recent proteomic efforts have provided a detailed characterization of these sets of protein in B. napus ( Jolivet et al. 2006 , Katavic et al. 2006 ) and in Arabidopsis thaliana ( Jolivet et al. 2004 ). In A. thaliana , the oil-body proteome has been reported to consist of fi ve distinct oleosins ( d 'Andréa et al. 2007b ) , one caleosin, one steroleosin, a probable aquaporin and a predicted glycosylphosphatidylinositol (GPI)-anchored protein. The most abundant oil-body-associated proteins are oleosins and much of the oil-body surface may be covered by these proteins ( Tzen and Huang 1992 ) . Oleosins are alkaline, amphipathic proteins with molecular masses of 15-25 kDa, depending on the isoform and species. They contain three structural domains: an N-terminal amphipathic domain, a central hydrophobic domain and a C-terminal amphipathic α -helical domain ( Tzen et al. 1993 , Lin et al . 2005 . The central domain is inserted into the oilbody TAG matrix to form a hairpin-like structure, whereas the N-and C-terminal domains are proposed to reside on the oil-body surface ( Frandsen et al. 2001 ) . During the maturation stage, oleosins play a key role in controlling oil-body structure and lipid accumulation ( Siloto et al. 2006 ) . When the seed enters a desiccated state, oleosins form a steric barrier to prevent coalescence of oil bodies by means of steric hindrance and electronegative repulsion ( Leprince et al. 1998 , Murphy and Vance 1999 ) . During germination, a high surface to volume ratio is thus maintained which facilitates access of lipases followed by rapid mobilization of TAGs ( Chen et al. 2004 , Eastmond 2006 . Among the minor proteins identifi ed in oil-body proteomes, caleosins are described that comprise three discernable regions: an N-terminal hydrophilic calcium-binding domain, a central hydrophobic oil-body anchoring domain and a C-terminal hydrophobic phosphorylation domain ( Chen et al. 1999 , Purkrtova et al. 2008 . The conserved structural features of caleosins suggest that calcium binding may modulate the function of the protein ( Frandsen et al. 2001 , Hanano et al. 2006 , Purkrtova et al. 2007 . Caleosins are probably involved in membrane and oil-body fusion ( Naested et al. 2000 ) . During germination of A. thaliana seeds, they participate in oil-body-vacuole interactions that are critical for the degradation of storage lipids ( Poxleitner et al. 2006 ). To date, the functions of the aquaporin and GPI-anchored protein isolated in the A. thaliana oil-body proteome remain to be elucidated.
Another component of this proteome consists in a steroleosin encoded by the duplicated At5g50600/At5g50700 genes ( Jolivet et al. 2004 , d'Andréa et al. 2007a , Li et al. 2007 ). This hydroxysteroid dehydrogenase (HSD) called HSD1 is a member of the short-chain dehydrogenase reductase (SDR) superfamily and corresponds to a protein of 389 amino acid residues with a calculated molecular mass of 39 kDa. HSD1 is highly similar to the Sop2 HSD fi rst identifi ed in Sesamum indicum ( Lin and Tzen 2004 ) . Contrarily to oleosins and caleosins, steroleosins possess only two domains: an N-terminal hydrophobic region containing a proline knob motif, suggested to be responsible for oil-body anchoring, and a soluble sterol-binding dehydrogenase/reductase domain ( Lin et al. 2002 ) . HSD1 has been shown to exhibit NADP-dependent 11 β -and 17 β -HSD activities in vitro ( d 'Andréa et al. 2007a ). However, the physiological substrate(s) of this enzyme remain(s) to be isolated. Likewise, the biological function of plant steroleosins in general and of HSD1 in particular has not yet been established. From studies realized on animal sterol-binding dehydrogenase/reductases ( Duax and Gosh 2000 ) , it has been hypothesized that plant steroleosins found in oilseeds may be involved in signal transduction regulating a specialized biological function related to seed oil bodies ( Lin et al . 2002 ) . The discovery that steroleosins belong to relatively large families (eight members in A. thaliana for instance) including isoforms possibly present in non-oil storage tissues ( Lin et al. 2002 , Li et al. 2007 ) then raised the question of the putative participation of these proteins in signal transduction systems involving sterols such as brassinosteroids throughout the plant life cycle ( Schmacher and Chory 2000 , Asami et al. 2005 ) . The recent characterization of transgenic A. thaliana lines overexpressing HSD1 ectopically and the study of RNAi lines exhibiting downregulation of several members of the AtHSD family strongly suggest that HSDs can interfere with the regulation of plant growth and development, probably promoting or mediating brassinosteroid effects ( Li et al. 2007 ). However, the nature of the regulatory mechanism(s) involved remains to be elucidated.
In this article, we propose a thorough characterization of HSD1 regulation in seeds of A. thaliana . Quantitative RT-PCR, promoter-β -glucuronidase (GUS) fusions in transgenic A. thaliana plants and in situ hybridization, were used to resolve temporal and spatial expression profi les of HSD1 , which appeared to be highly induced in maturing seeds, both in the embryo and in the endosperm. Interestingly, using various molecular genetic tools, we demonstrated that the master regulator LEAFY COTYLEDON2 (LEC2) participates in the transcriptional control of HSD1 . LEC2 was then shown to directly bind the HSD1 promoter. At the subcellular level, HSD1 was observed at the periphery of oil bodies. The protein is certainly inserted in the half-membrane unit surrounding these organelles. Seed maturation and germination were carefully investigated in transgenic lines overexpressing HSD1 constitutively. These analyses established that alteration of the transcriptional regulation of HSD1 interferes with the breakage of seed dormancy and the subsequent induction of TAG catabolism. Taken together, these results provide new insights in our understanding of the regulation of HSD1 in seed maturation and germination and pave the way for further investigations of its physiological role(s).
Results

Isolation and expression analysis of the HSD1 gene
The HSD1 protein identifi ed in the proteome of oil bodies from mature A. thaliana seeds belongs to the SDR enzyme superfamily (138 proteins in A. thaliana ; Jolivet et al. 2004 ) . Like the Sop2 and Sop3 proteins isolated from the oil bodies of S. indicum ( Fig. 1A ; Lin et al. 2004 ) , HSD1 exhibits 11 β -and 17 β -HSD activities ( d 'Andréa et al. 2007a ) . Two gene copies, namely At5g50600 and At5g50700, code for HSD1 ( Fig. 1 ). This particular feature is the result of an exact 33-kb duplication on chromosome 5 encompassing seven gene sequences. In the genome of A. thaliana , fi ve homologs of HSD1 , annotated HSD2 to 6 , can be found ( Li et al. 2007 ). Like HSD1 , HSD4 displays two gene copies (At5g50590 and At5g50690) in the duplicated region of chromosome 5 mentioned above ( Fig. 1B ) .
As a fi rst approach to investigating the regulation of HSD1 , the expression pattern of this gene was analyzed in various tissues of wild-type plants (ecotype Columbia; Col-0) using both semi-quantitative (data not shown) and quantitative RT-PCR ( Fig. 2A and Supplemental Fig. 1 ). The relative expression profi le of HSD1 was investigated in developing siliques. HSD1 mRNAs were fi rstly detected during early maturation, at 9 days after anthesis (DAA). The corresponding transcript level increased steeply throughout the maturation phase, peaking at 2200 % of the EF1 α A4 mRNA level (constitutive expression; Nesi et al. 2000 ) at 18 DAA, before falling sharply during late maturation (720 % of the level of EF1 α A4 in dry seeds). A series of cold-stratifi ed germinating seeds was then considered, which comprised samples harvested from 0 to 4 days after the fi rst exposure to light; root protrusion was effective at 2 days and fully germinated plantlets could be observed at 4 days. The HSD1 transcript level observed in imbibed seeds at day 0 (700 % of the EF1 α A4 mRNA level), which corresponded to the mRNAs remaining in mature dry seeds ( Fig. 2A ) , sharply decreased during the fi rst 24 h of the germination process, reaching <1 % of the level of EF1 α A4 (Supplemental Fig. 1 ). HSD1 transcripts were not detected in fully germinated plantlets. Likewise, HSD1 transcripts were absent in the vegetative organs and in fl owers of plants aged 4 weeks.
Pattern of HSD1 promoter activity and in situ hybridization
To gain more information about the expression pattern of HSD1 , the spatiotemporal activity of HSD1 promoter was investigated. A promoter fragment corresponding to region -1,097 to -1 bp relative to the HSD1 (At5g50600) translational 
HSD6 -At5g50770
Oryza sativa -Os02g0511400
Oryza sativa -Os11g0499600
Oryza sativa -Os04g0390700
Oryza sativa -Os04g0390800
Oryza sativa -Os12g0464400
HSD5 -At4g10020
Sesamum indicum -Sop3
Oryza sativa -Os03g0842900 start codon (and referred to as Pro HSD1 ) was fused translationally to the uidA reporter gene. The construct was assayed for its expression pattern in transgenic A. thaliana lines. GUS staining was detected in the endosperm and the embryo of maturing seeds, and was equally distributed throughout these tissues ( Fig. 3A ). When considering a developmental series of maturing embryos, the staining observed was pale in early-bent embryos entering the maturation phase ( Fig. 3B ) and grew darker in maturing ( Fig. 3C ) and late-maturing embryos ( Fig. 3D ). In germinating plantlets, GUS staining was specifi cally detected in embryonic tissues (e.g. cotyledons); tissues newly elaborated by the developing plantlet (e.g. leaves) were not stained ( Fig. 3E, 3F ). An in situ hybridization experiment was fi nally carried out to compare the activity of the HSD1 promoter with mRNA accumulation in maturing seeds (Fig. 3G-I) . A signal was detected in both the embryo and the endosperm whereas HSD1 transcript was absent in the seed coat and silique walls. On sections of either torpedo-or upturned U-shaped embryos, the signal was observed both in the epidermis and in the inner cell layers of the embryo (Fig. 3H) . These results were fully consistent with the pattern of promoter activity previously observed (see above).
Spatial and temporal analysis of HSD1 accumulation
To test whether HSD1 mRNA accumulation in developing seeds refl ected HSD1 protein content, several complementary experiments were then carried out. An immunolocalization approach was fi rst chosen to characterize the spatial localization of HSD1 in maturing seeds of the Col-0 accession. Polyclonal anti-AtHSD1 antibodies ( d 'Andréa et al. 2007a ) were used as primary antibodies, which allowed the detection of HSD1 in the endosperm and in the embryonic tissues of maturing seeds (Fig. 3J, K) . Protein accumulation was consistent with HSD1 mRNA localization. In order to gain further insights into the temporal pattern of HSD1 accumulation, an immunoblot analysis using specifi c antiAtHSD1 antibodies was then realized on a series of developing seeds ( Fig. 2B ). The main immunoreactive band of 38 kDa corresponding to HSD1 (as previously demonstrated by d 'Andréa et al. 2007a ) appeared at the onset of the maturation phase and was present until the end of the maturation phase. A quantifi cation of the relative amount of HSD1 protein revealed sustained accumulation between 14 and 19 DAA ( Fig. 2B ). Protein accumulation thus appeared to be slightly delayed compared with the corresponding HSD1 mRNA accumulation ( Fig. 2A ). Contrary to HSD1 transcript level, which was shown to fall sharply between 18 and 22 DAA, the relative amount of HSD1 protein remained almost stable during late maturation. A faint band corresponding to a 40-kDa protein was observed on the immunoblot ( Fig. 2B ), which might correspond to another HSD.
Subcellular localization of HSD1
At the subcellular level, the immunolocalization approach using anti-AtHSD1 antibodies revealed that HSD1 was localized around globular structures distinct from the nucleus (Fig. 3L) . The in vivo subcellular localization of HSD1 was further investigated with the aid of the green fl uorescent protein (GFP). A derivative of GFP, mGFP5 ( Siemering et al. 1996 ), was fused translationally to HSD1 cDNA and placed under the control of the CaMV dual 35S promoter for ubiquitous and high expression. The Pro 35Sdual :HSD1:GFP construct was stably introduced in wild-type plants of the Col-0 accession. An immunoblot analysis using anti-GFP antibodies was carried out on mature transgenic seeds from two independent transformants (Tb, Tc) that allowed the detection of the HSD1:GFP fusion protein (Supplemental Fig. 2A) . Maturing embryos were then stained with Nile Red, an intracellular lipid droplet marker ( Greenspan et al. 1985 ) , and observed for GFP activity. The fusion protein was thus localized at the surface of oil bodies (Supplemental Fig. 3 ).
Since the fusion of the GFP peptide to HSD1 modifi ed accessibility to HSD1 and impaired the recognition of the fusion protein by anti-AtHSD1 antibodies (Supplemental Fig. 2A ), oil bodies were extracted from mature seeds of the transgenic lines to test whether the HSD activity of the fusion protein was altered. HSD activity of oil bodies was assayed using estradiol as a substrate in the presence of NADP + ( d 'Andréa et al. 2007a ). This activity was signifi cantly increased in the seeds of the transformants compared with the wild type, demonstrating that the HSD1:GFP fusion protein was active (Supplemental Fig. 2B ). Although the expression of the translational HSD1:GFP fusion had been placed under the control of the constitutive CaMV dual 35S promoter, GFP activity was observed only in tissues accumulating oil bodies, namely the endosperm and the embryo of maturing seeds. In vegetative organs, HSD1:GFP transcripts were detected but GFP activity was absent (data not shown). An immunoblot analysis using the anti-GFP antibody confi rmed the lack of the fusion protein in vegetative tissues (data not shown). To ascertain that the subcellular localization of HSD1:GFP in embryonic cells was not biased by the use of a strong CaMV dual 35S promoter, a Pro HSD1 :HSD1:GFP construct was realized and stably introduced into wild-type plants of the Col-0 accession. The observation of maturing embryos obtained from these transgenic lines and stained with Nile Red confi rmed that the HSD1:GFP fusion protein was targeted to the surface of oil bodies ( Fig. 3M-P) . The observations realized with HSD1:GFP fusion proteins were consistent with the results of the immunolocalization experiments ( Fig. 3L ) and strongly suggested that the GFP peptide did not alter the targeting of HSD1.
Transcriptional regulation of HSD1
In order to defi ne domains within the 1,097 bp promoter considered so far that might be important for the transcriptional regulation of HSD1 , 5 ′ deletions were generated and translational fusions to the uidA reporter gene were made ( Fig. 4A ). For each construct, stable transformants were obtained and analyzed for GUS activity; the results obtained were compared with observations previously carried out with the HSD1 full-length promoter ( Fig. 4B ). Deletion to position -533 did not affect the uidA expression pattern and apparent intensity. Whereas the deletion to position -218 did not affect the uidA expression pattern, apparent intensity was markedly decreased. A further deletion to position -158 resulted in complete loss of GUS activity. To quantify the effect of these deletions on uidA expression level, GUS fl uorometric assays were then performed ( Fig. 4C ). For each deletion, two representative transformant lines were considered and GUS activities were measured on siliques harvested at early, middle and late developmental stages. When deletion to position -533 was considered, the pattern of GUS activity observed was consistent with quantitative RT-PCR data obtained for HSD1 ( Fig. 2A ) . GUS activity was not promoter: a series of 5 ′ deletions was generated and translational fusions to the uidA gene were prepared. The corresponding transgenic lines were assayed for GUS activity. (B) For histochemical detection of GUS activity (GUS staining), maturing embryos incubated overnight in a buffer containing 1 mM each of potassium ferrocyanide and potassium ferricyanide were observed: + + + , the embryos displayed a strong staining pattern similar to that observed with full-length HSD1 promoter; + , the embryos displayed a weak staining pattern; -, the embryos were not stained. (C) GUS activity was fi nally quantifi ed by fl uorometric assay on siliques from transgenic lines harvested at three developmental stages: early embryo morphogenesis (early), early maturation (middle), and late maturation (late). For each deletion considered, two independent transgenic lines (plants 1 and 2) were analyzed. Abbreviation: Putative TS, putative transcriptional start.
detected during early embryo morphogenesis; weak activity was measured during the early maturation stage that increased steeply during late maturation. When deletion to position -218 was considered, GUS activity was only detectable in late-maturing siliques; this activity was very low in comparison with the levels obtained with deletion to position -533. Finally, deletion to position -158 resulted in complete loss of GUS activity at every developmental stage considered. Therefore, the region located between -218 and -158 bp relative to the HSD1 translational start codon contains some element(s) necessary for induction of HSD1 in maturing seeds, whereas the region between -533 and -218 contains some element(s) able to modulate HSD1 expression level. Interestingly, database comparison using PLACE ( Higo et al. 1999 ) allowed the identifi cation of several putative cis -acting regulatory elements located in the region of the HSD1 promoter shown to control the expression of this gene. In particular, both the -533 to -218 and -218 to -158 regions contain an RY motif (CATGCA), which is recognized by LEAFY COTYLEDON2 (LEC2) and FUSCA3 (FUS3) B3 domain proteins ( Braybrook et al. 2006 , Kroj et al. 2003 .
The spatio-temporal analysis of HSD1 expression revealed a strong and specifi c induction of this gene in oil-accumulating tissues of maturing seeds. In A. thaliana , several loci have been identifi ed that control a wide range of seed-specifi c characters and play a role of the utmost importance in seed maturation. Of those, LEC2 was shown to be involved in the transcriptional control of the maturation program ( Meinke et al. 1994 , Stone et al. 2001 , Braybrook et al. 2006 , Baud et al. 2007 , for a review see Santos Mendoza et al. 2008 ) . Interestingly, ectopic activation of LEC2 is able to trigger oil accumulation in A. thaliana leaves ( Santos Mendoza et al. 2005 ) . Detailed transcriptomic analyses have been carried out to characterize changes in RNA populations of seedlings exhibiting ectopic LEC2 activity ( Braybrook et al. 2006 ) . Several maturation-specifi c genes including HSD1 appeared to be induced in this material. In situ experiments were thus carried out in a lec2 mutant background to test whether this mutation, which is known to prevent seed maturation, could affect the accumulation of HSD1 mRNA. This approach demonstrated that HSD1 mRNA accumulation was restricted to the hypocotyls of lec2 mutants ( Fig. 5A, B ). An immunolocalization experiment was then realized to characterize the spatial localization of HSD1 in maturing seeds of the lec2 mutant. HSD1 was detected in every tissue of the hypocotyl but was absent in the cotyledon-like structures of the embryo ( Fig. 5C, D ) . As HSD1 is already highly expressed in maturing seeds of the wild type, testing the induction of HSD1 transcription by LEC2 overexpression in this tissue was not convenient. We consequently used the dexamethasone (DEX; a synthetic glucocorticoid that activates the rat glucocorticoid receptor GR) inducible system developed by Santos Mendoza et al. (2005) ( Fig. 5E ) . However, the relative mRNA levels detected in this tissue were low compared with the HSD1 transcript levels measured in maturing embryos of the wild type ( Fig. 2A ) . The Pro HSD1 :HSDI:GFP construct was then introduced into a transgenic Pro 35S :LEC2:GR line. The plantlets thus obtained were grown 10 days on a DEX-containing medium and were then observed for GFP activity. HSD1:GFP fusion protein was detected in both root and leaf cells of these plantlets, confi rming the ability of the LEC2:GR fusion protein to trigger HSD1 transcription ( Fig. 5F-J ) .
Binding of LEC2 to the HSD1 promoter
Analysis of the interaction between LEC2 and the HSD1 promoter was fi rstly performed using a yeast one-hybrid approach. Yeast strains that presented the HIS3 reporter gene under the control of either a BANYULS (BAN ; At1g61720) (used as negative control) or HSD1 (DNA fragment corresponding to the region -218 to -155 bp relative to the HSD1 translational start codon) promoter were constructed and transformed with either an empty version of the pDEST22 plasmid or a version of the plasmid allowing the expression of LEC2 ( Fig. 6A ) . Transformation of the strains presenting the HIS3 reporter gene under the control of BAN or HSD1 promoter with the empty version of the pDEST22 plasmid gave no positive interaction results. In contrast, the expression of LEC2 fused to the GAL4 activation domain (AD) in the strain presenting the HIS3 reporter gene under the control of the HSD1 promoter resulted in the specifi c growth of the strain on medium lacking His, thus demonstrating the interaction between LEC2 and this promoter sequence.
To independently verify the one-hybrid results, we produced recombinant LEC2 proteins and performed electrophoretic mobility shift assays using the HSD1 promoter (DNA fragment corresponding to the region -218 to -155 bp relative to the HSD1 translational start codon) as probe ( Fig. 6B ) . A retardation could be observed ( Fig. 6B , lane 3) that confi rmed the ability of LEC2 to bind the HSD1 promoter. Competition experiments showed that unlabeled HSD1 probes competed for LEC2 binding ( Fig. 6B , lanes 4  and 5) . Competition was even more effi cient when using the unlabeled RY-G-box complex identifi ed by Kroj et al. (2003) in the At2S3 promoter ( Fig. 6B , lanes 6 and 7) .
Effect of HSD1 overexpression on seed physiology
To test the impact of altered regulation of HSD1 transcription on seed physiology, we placed the HSD1 cDNA under the control of the CaMV dual 35S promoter and we introduced the Pro 35Sdual :HSD1 construct in wild-type plants of the Wassilewskija (Ws) accession. A quantitative RT-PCR approach was used to select transgenic lines overexpressing HSD1 effi ciently (Supplemental Fig. 4A) . A previous report has already described the effect of HSD1 ectopic overexpression on plant growth and hormone sensitivity ( Li et al. 2007 ) . In this study, we focused on seed physiology to test the impact of altered gene transcription on tissues where HSD1 is normally expressed at a signifi cant level ( Fig. 2A ) . To evaluate the effect of HSD1 overexpression on oil accumulation, mature dry seeds were subjected to metabolic analyses. Seed DW was unaltered in the Pro 35Sdual :HSD1 lines and neither the total fatty acid content nor the fatty acid composition of seeds was modifi ed (Supplemental Table) . Since HSD1 transcript was detected at the onset of germination, this physiological process was carefully examined. The observation of germinating Pro HSD1 :HSD1:GFP seeds fi rstly established that the HSD1:GFP fusion protein was still present in all the embryonic tissues at the onset of the germination process. The GFP signal fi rstly disappeared in the elongating region of the hypocotyl 1-2 days after the fi rst exposure of the seed to the light (Supplemental Fig. 5 ) and was no longer detected in seedlings observed 4 days after the onset of germination (data not shown). Li et al. (2007) have reported that transgenic seeds overexpressing HSD1 exhibit a reduced dormancy. This period of quiescence is usually terminated by environmental signals. In particular, the role of light and temperature in the promotion of germination in dormant seeds is well characterized ( Penfi eld et al. 2005 ) . Freshly harvested wild-type seeds (Ws and Col-0) plated in the light without cold stratifi cation were partially dormant (Supplemental Fig. 4B) . A strong reduced-dormancy phenotype could be observed with seeds overexpressing HSD1 or HSD1:GFP . After 2 days of cold stratifi cation in the dark, the dormancy of HSD1 overexpressing seeds was completely abolished whereas wild-type seeds remained partially dormant. After 6 days of cold stratifi cation, all the seeds germinated at high frequency. Sensitivity of seeds toward cold stratifi cation thus appeared to be increased in HSD1 overexpressing lines. To further investigate the impact of HSD1 overexpression on the control of dormancy breakage, we examined the light requirements of cold-stratifi ed seeds for high germination frequency. Wild-type germination after 7 days in the dark was limited (Ws accession; Supplemental  Fig. 4C ) . A 0.25 h light impulse applied to the seeds right after the stratifi cation period promoted germination up to 60 % . A 48 h light impulse was required to observe high germination frequency ( > 95 % ). Germination of HSD1 overexpressing seeds was highly improved in the dark (60 % in average) and a 1 h light impulse was suffi cient to obtain a high germination frequency of this material. Similar results were obtained with HSD1:GFP overexpressing lines (data not shown), demonstrating that these transgenic lines had lower light requirements to break dormancy compared with the wild type. Two proteins known to be accumulated during the maturation phase at the surface of oil bodies, namely CLO1 ( Poxleitner et al. 2006 ) and SUGAR-DEPENDENT1 (SDP1; Eastmond 2006 ), have been reported to play a role during storage oil breakdown in germinating A. thaliana seeds. To determine whether overexpression of HSD1 could affect the effi ciency of storage lipid breakdown, we followed the levels of eicosenoic acid (C20 : 1), which is specifi c to storage TAGs in A. thaliana ( Lemieux et al. 1990 ), during the germination process. When seeds were cold-stratifi ed during 2 days, the rate of catabolism during germination was signifi cantly increased in HSD1 overexpressors compared with the wild type, so that 4-day-old Pro 35S :HSD1 seedlings contained 40-45 % less C20:1 than wild-type seedlings (Supplemental Fig. 4D ). Similar results were obtained with Pro 35S :HSD1:GFP lines (data not shown). On the contrary, when seeds were cold-stratifi ed over 6 days, the rate of catabolism in the transgenic lines was similar to the wild type, suggesting that the increased catabolism observed in Pro 35S :HSD1 seedlings cold-stratifi ed only 2 days could represent a side-effect of reduced dormancy.
Discussion
The characterization of proteins present in seed oil bodies from S. indicum has led to the identifi cation of two distinct steroleosins, named Sop2 and Sop3 ( Lin and Tzen 2004 ) . Likewise, recent proteomic efforts aimed at identifying the proteins present in A. thaliana oil bodies have allowed the isolation of a protein belonging to the wide SDR enzyme superfamily ( Jolivet et al. 2004 ) . HSD1 is highly similar to the Sop2 HSD from S. indicum Tzen 2004 , d'Andréa et al. 2007a ) and is encoded by two gene copies (At5g50600 and At5g50700) anchored on a small duplicated region of chromosome 5. In this article, we report new insights into the regulation of HSD1 . (At3g54320) does not (negative control; lane 2). LEC2 was incubated with a radiolabeled fragment of the HSD1 promoter (-218 to -155 relative to the translational start codon) containing both an RY element and a G-box (lanes 3-7). Non-labeled competitor DNA was added in 10-fold molar excess (lanes 4 and 6) and 100-fold molar excess (lanes 5 and 7). Competitor DNA used was a fragment of HSD1 promoter (-218 to -155 relative to the translational start codon; lanes 4 and 5) and RY-G-box ( Kroj et al. 2003 ; lanes 6 and 7). WRI1 DBD, DNA-binding domain of WRINKLED1.
HSD1 is accumulated during seed maturation
Both semi-quantitative and quantitative RT-PCR studies used in this study indicate that HSD1 mRNA is accumulated to a high level in maturing A. thaliana seeds, but is not detectable in vegetative organs. Fine characterization of the HSD1 expression pattern based on the use of complementary approaches like real-time PCR, in situ hybridization and promoter:GUS analyses demonstrate that transcription of HSD1 is fi nely regulated in both time and space. HSD1 mRNA accumulation dramatically increases during the seed maturation phase, before decreasing consistently during late maturation. Activation of HSD1 is concomitant with the accumulation of fatty acids in seed oil bodies. When analyzing the tissue specifi city of HSD1 expression, it appears that the gene is expressed in both the endosperm and the embryo, known to be the sites of TAG deposition in seeds ( Penfi eld et al. 2004 ). This observation confi rms at the spatial level the correlation existing between HSD1 expression and oil storage in seeds. It should be noted that HSD1 mRNA is present in early germinating seeds, whereas this transcript is no longer detected 3 days after the onset of the germination process. The remaining GUS activity observed in the tissues derived from embryonic structures in young plantlets might consequently refl ect the stability of GUS protein or posttranscriptional modifi cation of HSD1 mRNA. When investigating the tissue specifi city of HSD1 expression, Li et al. (2007) reported some GUS staining in roots, vascular tissues, buds and silique pedicels. Since these observations were realized on plant material incubated for 12 h in a staining buffer deprived of potassium ferrocyanide and potassium ferricyanide, the staining described by these authors might correspond to a low and localized expression of HSD1 in vegetative organs that we were not able to detect in our experimental conditions (see Materials and Methods). Both immunolocalization analyses and quantitative immunoblot experiments carried out with specifi c anti-AtHSD1 antibodies established that HSD1 deposition rather faithfully refl ects HSD1 mRNA accumulation in maturing seeds. The slight temporal delay in protein accumulation observed at the onset of the maturation phase certainly illustrates the time required by the translational machinery to synthesize HSD1 protein. Interestingly, a drop in HSD1 protein content does not accompany the sharp decrease in HSD1 mRNA level observed during late maturation. The protein level is rather stable during late maturation and HSD1 protein is still observed at the onset of the germination process ( Supplemental  Fig. 5 ).
Subcellular localization of HSD1
Several complementary approaches have been undertaken to decipher the subcellular localization of HSD1 in seeds of A. thaliana . The use of both anti-AtHSD1 antibodies and HSD1:GFP fusion protein has established that HSD1 is targeted to the surface of oil bodies in oil-accumulating tissues of maturing seeds. This observation is fully consistent with the proteomic data previously obtained from isolated oil bodies of A. thaliana ( Jolivet et al. 2004 ) and B. napus ( Jolivet et al. 2006 , Katavic et al. 2006 . In vertebrate animals, TAGs are stored mainly in the lipid droplets of adipocytes. These droplets are composed of a core of TAGs surrounded by a phospholipid and cholesterol monolayer into which numerous proteins are embedded. Interestingly, the proteomic analysis of these proteins has led to the identifi cation of a 17 β -HSD type 7 ( Brasaemle et al. 2004 ) , suggesting that the physical association existing between certain types of HSDs and the subcellular structures dedicated to TAG storage might have been conserved between animal and plant kingdoms. However, ectopic expression of HSD1 in plant tissues deprived of oil bodies (e.g. rosette leaves) is not accompanied by an accumulation of HSD1 protein. This suggests that post-transcriptional regulations exist that prevent the synthesis and/or trigger the degradation of HSD1 peptides in the absence of the subcellular structures usually hosting these peptides. The precise nature of these regulatory mechanisms remains to be elucidated.
LEC2 participates in the transcriptional activation of HSD1
In developing A. thaliana seeds, the pattern of HSD1 promoter activity matches both HSD1 mRNA and HSD1 protein localizations. These data strongly suggest that HSD1 tissuespecifi c expression is controlled largely at the transcriptional level. The 5 ′ deletion series of HSD1 promoter analyzed in this study has led to the identifi cation of a minimal promoter corresponding to deletion to position -533. The region between -533 and -218 and the region between -218 and -158 both participate in the regulation of HSD1 promoter activity. Interestingly, each region contains an RY motif (CATGCA) recognized by LEC2 and FUS3 B3 domain proteins ( Kroj et al. 2003 , Braybrook et al. 2006 ). These two regulators are known to exert control over seed maturation. LEC2 is of particular interest for those who are investigating the synthesis and storage of TAGs in the seed ( Stone et al. 2001 , Santos Mendoza et al. 2005 . Induction of LEC2 correlates well with the onset of oil accumulation in the seed and ectopic expression of LEC2 can confer embryonic characteristics to transgenic seedlings ( Stone et al. 2001 ) and/or trigger TAG accumulation in developing leaves ( Santos Mendoza et al. 2005 ) . The regulatory action exerted by LEC2 over the fatty acid biosynthetic network is mediated by the WRIN-KLED1 transcription factor ( Baud et al. 2007 ) , whereas the transcriptional control exerted by LEC2 over several oleosin genes is thought to be direct ( Braybrook et al. 2006 ). The results presented in this article further establish that HSD1 is a direct target of LEC2 ( Fig. 6 ). The data available strongly suggest that LEC2 is able to recognize and bind the RY motives present in HSD1 promoter ( Fig. 4A ; Braybrook et al. 2006 ) . Interestingly, HSD1 mRNA accumulation is not completely abolished in a lec2 background, but is restricted to the hypocotyl of the embryo ( Fig. 5A, B ) . Consistent with this is the recent demonstration by To et al. (2006) that LEC2 , FUS3 and ABI3 are involved in a local and highly redundant gene regulation network that governs most aspects of seed maturation. From this genetic framework, it is highly possible that other master regulators are able to trigger HSD1 expression in maturing embryos. FUS3 and/or ABI3 might bind the RY motives mentioned above ( Kroj et al. 2003 , Monke et al. 2004 ). ABI3 could also participate in the regulation of HSD1 expression through the G boxes (ACGTC; Lara et al. 2003 , Nakashima et al. 2006 ) present in the HSD1 promoter. The cotyledon-specifi c abolition of HSD1 expression in lec2 embryos suggests that some of the master regulators able to substitute for LEC2 are present in the hypocotyl of lec2 embryos whereas they are absent in cotyledon tissues. This could be explained either by the different expression patterns of the master regulators belonging to the AFL (ABI3/FUS3/LEC2) regulatory network ( Suzuki and McCarty 2008 ) , or by the different genetic controls involving these master regulators and occurring in various embryo tissues (see Fig. 3 in Santos Mendoza et al. 2008 ). Finally, Li et al. (2007) have nicely demonstrated that HSD1 was induced in vegetative organs by brassinolide, the most active brassinosteroid. It would be interesting to test whether a similar regulation occurs in seeds, and then to investigate whether this hormonal signaling pathway interferes with the AFL regulatory network.
In conclusion, it appears that HSD1, a steroleosin targeted to the surface of oil bodies, is highly induced in zygotic tissues of maturing A. thaliana seeds. The HSD1 gene is tightly regulated at the transcriptional level by LEC2 and possibly by other master regulators of the maturation process. Interestingly, altering the expression of HSD1 in seeds by means of overexpression strategies modifi es both the cold and light requirements of these seeds to break dormancy, germinate and trigger TAG catabolism. These data illustrate the importance of fi ne regulation of HSD1 transcription. Beyond these transcriptional regulatory aspects, post-transcriptional regulations certainly exist that prevent HSD1 accumulation in tissues deprived of oil bodies. Further investigations are now required to fully elucidate the mechanisms controlling the sorting and degradation of HSD1.
Materials and Methods
Plant material and growth conditions
Arabidopsis thaliana seeds of the Wassilewskija (Ws) and Columbia (Col-0) accessions were obtained from the Station de Génétique et d'Amélioration des Plantes (INRA, Versailles, France). Seeds were surface sterilized and germinated on Murashige and Skoog (MS) medium (Duchefa, M02 555; pH 5.6). After cold treatment of 48 h at 4 ° C in the dark (stratifi cation), plates were kept in a growth cabinet (16/8 h light photoperiod at 150 µm m −2 s −1 ; 15 ° C night/20 ° C day temperature). After 14 days, the plantlets were transferred to compost, grown in a growth chamber under similar conditions and irrigated twice a week with mineral nutrient solution. To harvest seeds at defi ned developmental stages, individual fl owers were tagged on the day of fl owering. For time course studies, the developing siliques of a single shoot were harvested 3-4 weeks after the onset of fl owering. Material used for RNA or protein extraction was frozen in liquid nitrogen immediately after harvest and stored at -80 ° C prior to extraction. Weight determinations of seed samples were realized on a M2P balance (Sartorius). For germination assays, seeds were sown in triplicate in Petri dishes containing 0.5 % (w/v) solidifi ed agarose. After stratifi cation, plates were kept in a growth cabinet (see above). Germination was scored each day based on radicle emergence.
Constructs and plant transformation
Construction of Pro HSD1 :uidA transgene: the DNA fragment used corresponds to region -1,097 to -1 bp relative to the HSD1 (At5g50600) translational start codon. DNA was amplifi ed with the proofreading Pfu Ultra DNA polymerase (Stratagene) from Col-0 genomic DNA using pHSD1(-1,097) fw (5 ′ -attB1-ccCATCATGCATGGATAATACGTCC-3 ′ ) and pHSD1(-1)rv (5 ′ -attB2-cTTTTGTCGATCAAAACGTAAA TG-3 ′ ), attB1 and attB2 referring to the corresponding gateway recombination sequences. The PCR product was introduced by a BP recombination into pDONR207 entry vector (Invitrogen) and transferred into the binary vector pBI101-R1R2-GUS (F. Divol, J.-C. Palauqui and B. Dubreucq, unpublished results) by an LR recombination reaction, to obtain a transcriptional fusion between the promoter and uidA . The resulting binary vector was electroporated into Agrobacterium tumefaciens C58C 1 (pMP90) strain and used for agroinfi ltration of A. thaliana infl orescences ( Bechtold et al. 1993 ) ; 27 primary transformants were selected on MS medium containing kanamycin (50 mg.l -1 ) and then transferred to soil for further characterization.
Construction of a deletion series of ∂ Pro HSD1 :uidA transgenes: the protocol was the same as above. Primer sequences were as follows: pHSD1(-533)fw, 5 ′ -attB1-TACTGACCA ACCGTATGTTG-3 ′ ; pHSD1(-218)fw, 5 ′ -attB1-GGGGTCG TCGACGTGCATT-3 ′ ; pHSD1(-158)fw, 5 ′ -attB1-TGTTGCC ACACTACCACTTG-3 ′ . Primary transformants were selected on MS medium containing kanamycin (50 mg.l −1 ) and then transferred to soil for further characterization; 19 (deletion to position -533), 12 (deletion to position -218) and 13 (deletion to position -158) independent lines were respectively subjected to histochemical detection of GUS activity (see below). For each transgene, two representative lines were then subjected to fl uorometric assays for GUS activity as previously described ( Baud et al. 2005 ) .
Construction of Pro 35Sdual :HSD1:GFP transgene: HSD1 cDNA was amplifi ed with the proofreading Pfu Ultra DNA polymerase (Stratagene) from a mixture of seed cDNAs (Col-0 accession) with 5 ′ -attB1-ccATGGAGTTGATAAACG ACTTTC-3 ′ and 5 ′ -attB2-cATCCGACTTGATTTCTGGAG-3 ′ , attB1 and attB2 referring to the corresponding gateway recombination sequences. The PCR product was introduced by a BP recombination into the pDONR207 entry vector and transferred to the binary vector pMDC83 ( Curtis and Grossniklaus 2003 ) by an LR recombination reaction. The resulting constructs were electroporated into A. tumefaciens C58C 1 (pMP90) strain and used for agroinfi ltration of A. thaliana infl orescences. Stable primary transformants (12) of A. thaliana were selected on MS medium containing hygromycin (50 mg.l −1 ) and then transferred to soil for further characterization.
Construction of Pro HSD1 :HSD1:GFP transgene: the fulllength (1,097 bp) HSD1 promoter was transferred from pDONR207 (see above) to the binary vector pMDC107 ( Curtis and Grossniklaus 2003 ) by an LR recombination reaction. The resulting Pro HSD1 :GFP plasmid was digested with Asc I, blunt-ended by the Klenow fragment and then digested with Ec oRI to release the mgfp6 cassette. The HSD1:mgfp6 cassette was excised from the Pro 35Sdual :HSD1:GFP plasmid (see above) with Eco RI-Sma I and cloned into the Pro HSD1 :GFP backbone to replace the mgfp6 cassette. The resulting construct was electroporated into A. tumefaciens C58C 1 (pMP90) strain and used for agroinfi ltration of A. thaliana infl orescences. Stable primary transformants (seven independent lines) were selected on MS medium containing hygromycin (50 mg.l −1 ) and then transferred to soil for further characterization.
Construction of Pro 35Sdual :HSD1 transgene: HSDI1 cDNA cloned in pDONR207 was transferred to the binary vector pMDC32 ( Curtis and Grossniklaus 2003 ) by an LR recombination reaction. Stable primary transformants (nine independent lines) were selected on MS medium containing hygromycin (50 mg.l -1 ) and then transferred to soil for further characterization. Segregation analyses amongst their progenies allowed selection of primary transformants with a single insertion locus, which were further characterized at the homozygous state.
RNA analyses
Frozen tissues were ground to powder in liquid nitrogen and total RNA was extracted with the RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's instructions. The extracts were treated with 30 units of RNAse-free DNAse I (Qiagen) and eluted with 40 µl of diethyl pyrocarbonatetreated water. For RT-PCR studies, DNA-free RNA was converted into fi rst-strand cDNA using the SuperScript pre-amplifi cation system for fi rst-strand cDNA synthesis (Gibco BRL) with oligo(dT) 22 . For semi-quantitative RT-PCR experiments, a 25-cycle PCR reaction was carried out with specifi c primers for HSD1 and the constitutive EF1 α A4 gene ( Nesi et al. 2000 ) . Primer sequences were as follows: HSD1fw, 5 ′ -ACATTACAATCGTCACACCT-3 ′ ; HSD1rv, 5 ′ -CTTGATTT CTGGAGTTCTGA-3 ′ , EFfw, 5 ′ -AGACCCGTGAGCACGCT CTACTT-3 ′ ; EFrv, 5 ′ -ACGGCCTCTTGGGCTCGTTGATCT-3 ′ . For real-time quantitative RT-PCR, reactions were performed using the LightCycler Instrument (Roche) with the LightCycler-FastStar DNA Master SYBR Green I kit for PCR (Roche) according to the manufacturer's protocol. Each reaction was performed with 5 µl of 1:50 dilution of the fi rst cDNA strands in a total volume of 20 µl. The reactions were incubated at 95 ° C for 8 min to activate the hot-start recombinant Taq DNA polymerase, followed by 45 cycles of 10 s at 95 ° C, 6 s at 55 ° C, and 20 s at 72 ° C ( Baud et al . 2004 ). The specifi city of the PCR amplifi cation was checked with a heat dissociation curve (65-95 ° C) following the fi nal cycle of PCR. The results obtained were standardized to the constitutive EF1 α A4 gene expression level, amplifi ed with the EF1F and EF1R primers ( Baud et al. 2003 ) . Effi ciencies of the different primer sets used were chosen so that they were almost identical. Primer sequences were as follows: GAPC2fw, 5 ′ -AGGATGATGTTGTGTCTACCGACT-3 ′ ; GAPC2rv, 5 ′ -ACG ATAAGGTCAACGACACGAG-3 ′ ; SLO1fw, 5 ′ -ACACCATCA CCCATTTTGCAG-3 ′ ; SLO1rv, 5 ′ -GGTATGGAAGCGCAGC ACG-3 ′ .
DEX induction experiments
DEX induction experiments using the Pro 35S :LEC2:GR construct were carried out as previously described by Santos Mendoza et al. (2005) .
Fatty acid analyses
Pools of 20 individuals, either dry seeds or germinating seeds, were placed in a glass reaction tube prior to methanol/sulfuric acid/toluene (100:2.5:30, v/v/v) addition. Extraction and analyses of fatty acid methyl esters by gas chromatography were performed as described previously ( Li et al. 2006 ).
Immunoblot analyses
Protein extraction, electrophoresis and immunoblot experiments were carried out as previously described in d 'Andréa et al. (2007a) . Briefl y, proteins were extracted in reducing Laemmli buffer, resolved in 12 % NuPAGE gel, transferred to PVDF membrane and probed with the appropriate antibody serum. Detection was performed using a chemiluminescence technique. Relative quantifi cation of the proteins was realized with the MultiGauge software (Fujifi lm).
Immunolocalization experiments
For immunolocalization of HSD1 protein, seed samples were fi xed for 1 h in 4 % (w/v) paraformaldehyde. Sections of 8 µm were then realized. Epitope demasking was carried out prior to incubation in anti-AtHSD1 by incubating samples in 0.1 M sodium citrate, 0.1 M citric acid in a microwave oven until boiling then washed in phosphate-buffered saline (PBS). Samples were incubated for 2 h at 37 ° C in primary antibody (anti:AtHSD1, 1:500; d 'Andréa et al. 2007a ) in PBS containing 1 % (w/v) bovine serum albumin (BSA), washed with PBS (three changes, 3 min per wash) then incubated for 2 h at 37 ° C with secondary antibody, goat anti-rabbit IgG antibody conjugated to Alexa Fluor 488 (Molecular Probes, Invitrogen), diluted 1:500 in PBS 1 % (w/v) BSA. After washing in PBS (three changes, 3 min per wash), the samples were mounted in antifade agent (Citifl uor, Oxford Instruments). Observations were carried out using an inverted Leica TCS-SP2-AOBS spectral confocal laser microscope (Leica Microsystems) as previously described ( Macquet et al. 2007 ).
Microscopy and image analysis
For histochemical detection of GUS activity, tissues were incubated in 0.1 M phosphate buffer, pH 7.2, containing 2 mM 5-bromo-3-indolyl-β -D -glucuronide (X-Gluc; Duchefa), 0.1 % (v/v) Triton X-100:water, 1 mM each of potassium ferrocyanide and potassium ferricyanide, and 10 mM Na 2 -EDTA. A vacuum was applied for 1 h before incubating for 12 h at 37 ° C in the dark, and chlorophyll was fi nally removed by room temperature incubation in 70 % (v/v) ethanol. For bright-fi eld microscope observations of stained seed sections, the material was fi xed and cut as previously described ( Baud et al. 2003 ) . Observation of GFP activity was carried out as described by Debeaujon et al. (2003) .
Steroid dehydrogenase assays
Oil-body preparation and steroid dehydrogenase assays were carried as previously described in d 'Andréa et al. (2007a) . Tritiated estradiol (200 µM) was used as substrate and NADP (1 mM) as cofactor.
Yeast one-hybrid experiments
The reporter plasmid was constructed by inserting a fragment of the HSD1 promoter into the pHISi vector ( Alexandre et al. 1993 ) . This fragment of the HSD1 promoter (-212 to -155 relative to the HSD1 ATG codon) was obtained by annealing the complementary primers pHSD1upEcoRI (5 ′ -AATTCGGGGTCGTCGACGTGCATTTTCCACCTCTT-GACACAACGTGTCGTCTCGGTTCCATGCAATGTTT-3 ′ ) and pHSD1lowXbaI (5 ′ -CTAGAAACATTGCATGGAACCGA GACGACACGTTGTGTCAAGAGGTGGAAAATGCACGTC-GACGACCCCG-3 ′ ). This DNA fragment was inserted into pHISi between the Eco RI and Sac II sites. This plasmid was then digested with Nco I and integrated into the yeast strain YM4271 ( Liu et al. 1993 ) , at the URA3 locus. The resulting yeast strains, selected on a medium lacking uracil, contained the HIS3 reporter gene under the control of the promoter sequence studied. The BAN promoter used as a negative control corresponded to the region between -193 and + 43 relative to the BAN transcription start site ( Baudry et al. 2004 ) .
LEC2 cDNA was cloned in the pDEST22 vector (Invitrogen) to be expressed in yeast as fusion with the GAL4 AD. To this end, LEC2 cDNA was amplifi ed with the proofreading Pfu Ultra DNA polymerase (Stratagene) from a mixture of seed cDNAs (from the Ws accession) using 5 ′ -attB1-CGA TGGATAACTTCTTACC-3 ′ and 5 ′ -attB2-GTTCACCACCAC TCAAAG-3 ′ . The PCR product was introduced by a BP recombination into pDONR207 entry vector (Invitrogen) and transferred into the pDEST22 vector by an LR recombination reaction. Yeasts already presenting the HIS3 reporter gene under the control of a functional BAN or HSD1 promoter were transformed with pDEST22 using the AcLi/ SSDNA/PEG method ( Gietz and Woods 2002 ) and transformants were selected on appropriate media. 3-Aminotriazole (AT) was added in medium lacking histidine, and several concentrations were tested, from 5 to 50 mM.
Electrophoretic mobility shift assays
The expression plasmid was constructed by inserting LEC2 cDNA in the pET_trx1a vector (for details, see http://www. embl-hamburg.de/ ~geerlof/webPP/vectordb/Guntervectors/). To this end, LEC2 cDNA was amplifi ed with the proofreading Pfu Ultra DNA polymerase (Stratagene) from a mixture of seed cDNAs (from the Ws accession) using Nco I-LEC2 (5 ′ -CATGCCATGGATAACTTCTTACCCTTT-3 ′ ) and Sal I-LEC2 (5 ′ -GTACTCGACCCACCACTCAAAGTCG TTAAA-3 ′ ). The product obtained was digested by Nco I and Sal I and cloned in pET_trx1a digested by Nco I and Xho I. Protein expression and purifi cation were adapted from Hamès et al. (2008) . LEC2 was expressed using Escherichia coli strain RosettaBlue(DE3)pLysS (Novagen). After induction by 0.4 mM IPTG in LB NaCl 0.5 M, cells were grown overnight at 17 ° C. For cell lysis, the pellet of a 1 liter culture was sonicated in 8 ml lysis buffer A (250 mM NaCl, 20 mM Tris-HCl pH 8, 5 mM imidazole, 5 % glycerol) and centrifuged for 40 min at 21 000 × g . The clear supernatant was incubated for about 1 h with 1.5 ml Ni-NTA resin (Qiagen). The resin was transferred into a column, washed with 15 ml of buffer A + 60 mM imidazole and eluted with 5 ml of buffer A + 300 mM imidazole. The fractions containing the protein were pooled and dialyzed in 1 liter of buffer (20 mM Tris-HCl pH 8, 150 mM NaCl, 2 mM MgCl 2 , 0.25 mM EDTA, 0.02 % Igepal, 20 % glycerol).
DNA-binding reactions were carried out following the procedure described in Braybrook et al. (2005) . Briefl y, 800 ng of LEC2 recombinant protein were incubated with 0.55 fmol of 32 P-labeled ∂ Pro HSD1 probe (corresponding to the region located between -212 and -155 relative to the HSD1 ATG codon) in binding buffer. For competition assays, unlabeled competitor was incubated briefl y with protein before the addition of labeled probe. After the addition of labeled probe, reactions were incubated for 30 min at room temperature. Binding reactions were fractionated at 4 ° C by 5 % polyacrylamide-gel electrophoresis.
Supplementary data
Supplementary data are available at PCP online.
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